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TECHNICAL NO73 D-178 

FLUTTER INVESTIGATION OF A TRUE-SPEED DYNAMIC MODEL W I T H  

VARIOUS TIP-TANK CONFIGURATIONS" 

By John L.  Sewall, Robert W .  Herr, and W i l l i a m  B. Igoe 

SUMMARY 

A 1/6-scale dynamic model, equipped with wing t i p  tanks and repre- 
sen ta t ive  of unswept fighter-type airplanes of conventional plan form, 
was t e s t ed  f o r  f l u t t e r .  The model was dynamically scaled t o  f l u t t e r  a t  
the same speed as a fu l l - sca le  configuration. The parameters important 
t o  f l u t t e r  were s a t i s f a c t o r i l y  approximated by the use of a spar-balsa 
segment-type wing construction. 

A f lu t t e r - a r r e s t ing  device w a s  located within each t i p  tank which 
would provide f o r  a sudden s h i f t  i n  the t ip- tank center  of gravi ty .  
device w a s  very e f f ec t ive  i n  stopping symmetric f l u t t e r  f o r  cases where 
the  t ip- tank center of grav i ty  w a s  shif ted forward of t he  e l a s t i c  axis 
of the  wing. 

T h i s  

The f l u t t e r  invest igat ion w a s  concerned with t h e  e f f e c t s  of ex terna l  
s to re s  whose i n e r t i a l  and geometric properties were systematical ly  varied.  
I n  general,.  the  r e s u l t s  obtained concur with those found i n  previous 
researches i n  t h a t  symmetric f l u t t e r  speeds were increased f o r  t ip- tank 
centers  of grav i ty  forward of t he  wing  e l a s t i c  axis, and tended t o  decrease 
as the  r a t i o  of uncoupled wing bending frequency t o  tors ion  frequency 
approached uni ty .  Increasing the  volume of the t i p  tanks by a f ac to r  of 3 
tended t o  decrease the  f l u t t e r  speed. 
at. the  rear end of each tank may have been benef ic ia l  f o r  the  smaller t a n k  
and s l i g h t l y  detrimental  f o r  the larger tank. 

The addition of a horizontal  f i n  

F l u t t e r  speeds were calculated by means of a conventional Rayleigh- 
The e f f e c t s  of R i t z  type of f l u t t e r  analysis  employing uncoupled modes. 

various assumptions i n  the  calculations involving s t r u c t u r a l  damping, 
higher s t r u c t u r a l  modes, compressible aerodynamic coef f ic ien ts ,  and sting- 
mount f l e x i b i l i t y  were explored. The calculat ions w e r e ,  i n  general, exces- 
s ive ly  conservative f o r  t ip- tank centers of grav i ty  near t he  e l a s t i c  axis; 
however, the  introduction of s t ruc tu ra l  damping mater ia l ly  improved the  
agreement between experimental and calculated f l u t t e r  speeds f o r  r a t i o s  
of uncoupled wing bending frequency t o  to rs ion  frequency near un i ty .  
introduct ion of sting-mount f l e x i b i l i t y  showed t h a t  t h i s  could have a 
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strong e f f ec t  on f l u t t e r  speed par t icu lar ly  i n  those cases where the 
natural  frequency of the s t i ng  system w a s  near the f l u t t e r  frequency, 
and fur ther  work in  t h i s  regard i s  warranted i n  future  f l u t t e r  s tudies  
of sting-mounted models. Also indicated as desirable  i s  the  need f o r  
continued research on the osc i l l a t ing  aerodynamic coeff ic ients  f o r  f l u t t e r  
calculations on wings equipped with large external  s tores  o r  nacel les .  

INTRODUCTION 

Within the past  several  years a number of cases of f l u t t e r  are  known 
t o  have occurred on f igh te r  and l i g h t  bomber airplanes ( a t  l e a s t  i n  t h e i r  
development stages) carrying large external  s tores .  Considerable i n t e r e s t  
has, therefore, developed i n  f l u t t e r  problems f o r  wings carrying such 
s to re s .  References 1 t o  7 are  representative of both the thzore t ica l  
and experimental investigations of problems of t h i s  kind. 
t ions  of f l u t t e r  i n s t a b i l i t i e s  f o r  these cases have, i n  general, been 
unsatisfactory where two-dimensional aerodynamic forces and moments 
together with a l imited number of s t ruc tu ra l  modes have been employed, 
and where aerodynamic forces and moments on the t i p  tank have been ignored. 
Because of weaknesses inherent i n  many of the more complete analyses ava i l -  
able at  present, greater  emphasis has come t o  be placed on wind-tunnel 
t e s t ing  of dynamically scaled models with external  s tores .  

The calcula- 

Although valuable experience has been obtained from f l u t t e r  t e s t s  
with scaled speed models (see,  f o r  example, r e f s .  8 to  lo), these t e s t s  
cannot provide needed information on the e f f e c t s  of Mach number. 
extrapolations from low-speed model r e s u l t s  t o  fu l l - sca le  high Mach num- 
ber  conditions have proved troublesome and ambiguous, pa r t i cu la r ly  where 
the margins of sa fe ty  from f l u t t e r  may have been small. 
circumvent t h i s  d i f f i cu l ty ,  it i s  necessary t o  scale the model so t h a t  
i t s  Mach number a t  f l u t t e r  w i l l  be the same as t h a t  of the prototype, or, 
i n  other words, t o  design and t e s t  a true-speed model. Accordingly, two 
pr incipal  objectives of the investigation reported i n  t h i s  paper were 
(1) t o  determine the f e a s i b i l i t y  of designing and building a true-speed 
dynamically similar model with t i p  tanks t o  meet a given s e t  of e l a s t i c  
and i n e r t i a l  specif icat ions,  and (2) t o  locate the experimental f l u t t e r  
boundaries of t h i s  model fo r  a var ie ty  of t ip-tank conditions. Another 
objective w a s  t o  evaluate a f lu t t e r - a r r e s t ing  device involving a rapid 
s h i f t  of the t ip-tank center of gravi ty  and having application t o  f u l l -  
scale-f l ight  f l u t t e r - t e s t ing  techniques. 

The 

I n  order t o  

For the design of the model, i n  addition t o  keeping i t s  f l u t t e r  
speed the same as tha t  of the prototype, the pr inciples  followed i n  the 
scaling required t h a t  nondimensional parameters important i n  f l u t t e r ,  
such as mass r a t io ,  frequency r a t i o ,  and reduced frequency, remain the 
same on the model as on the ful l -scale  counterpart. No attempt w a s  made 
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t o  scale  the s t i f fnes ses  i n  the  tip-tank o r  wing-tip-tank attachment. 
Recent investigations reported i n  references 11 and 12 have dealt w i t h  
the inertial and damping properties of sloshing fuel; however, in the 
present invest igat ion f u e l  was s i m u l a t e d  by means of so l id  weights, and 
no e f f o r t  w a s  made t o  account fo r  the e f f e c t s  of f u e l  sloshing. 

The main e f f o r t  of the wind-tunnel test  program w a s  d i rec ted  toward 
locat ion of the  f l u t t e r  boundazies for a wide range of t ip- tank i n e r t i a l  
conditions corresponding t o  r a t i o s  of uncoupled wing bending frequency 
t o  tors ion  frequency near unity.  Variations in these t ip- tank conditions 
were accomplished by the  use of fixed, so l id  weights. Also investigated 
were the  aerodynamic e f f ec t s  of tip-tank s ize  and the e f f e c t s  of a hori-  
zontal  f i n  mounted at  the rear portion of each t i p  tank. 
study asymmetric f l u t t e r ,  the  modelwas provided with one degree of free- 
dom i n  r o l l .  

I n  order t o  

The r e s u l t s  of t h e  f l u t t e r  experiments a re  compared with the  results 
of f l u t t e r  calculations performed by u t i l i z i n g  a Rayleigh-Ritz type of 
analysis  employing two-dimensional aerodynamic forces and moments together 
with a combination of uncoupled vibration modes t o  represent the  f l u t t e r  
mode. 
tank. 

No aerodynamic forces and moments were assumed t o  a c t  on the t i p  

The scaled wing s t i f fnesses  and i n e r t i a l  properties specif ied i n  
the  design of the  model were chosen t o  be fairly representat ive of present- 
day fighter-type airplanes.  Scaled wing s t i f fnesses  and i n e r t i a l  prop- 
e r t i e s  of an ac tua l  f igh ter  airplane a re  included as a comparison. Also 
included f o r  purposes of comparison are  the r e s u l t s  of a f l i g h t  f l u t t e r  
experience on t h i s  airplane involvizg special tip-tank i n e r t i a l  
conditions. 

a nondimensional wing e l a s t i c  axis location r e l a t i v e  t o  half- 
chord, posit ive f o r  e l a s t i c  axis  rearward of midchord 

b half-chord of wing, f t  

bF flange width on wing spar, in.  (see f i g .  9) 

reference half-chord of wing (taken a t  the s t a t i o n  a t  three- 
fourths of the semispan), f t  

br 

bGJ web spacing on wing spar, i n .  (see f i g .  9) 
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. 
root chord of wing along fuselage center l i ne ,  i n .  (see f i g .  3(a)) 

t i p  chord of wing a t  
. 

y = 2, = 36, i n .  (see f i g .  3(a)) Ct 

distance between wing e l a s t i c  axis and center of gravity,  in . ;  
posi t ive f o r  center of gravi ty  rearward 

e 

et distance between wing e l a s t i c  axis  and t ip-tank center of 
gravity,  in. ;  posi t ive f o r  center of gravi ty  rearward 

L 
8 
1 
4 

frequency, tu/&, cps 

na tura l  f i r s t  bending frequency (experimental), cps 

f 

na tura l  second bending frequency (experimental), cps fb2 

f f f l u t t e r  frequency, cps 

uncoupled f i r s t  bending frequency (calculated) , cps 

fh2 uncoupled second bending frequency (calculated) ,  cps 

f S uncoupled frequency of e f fec t ive  s t  ing-f uselage combination, 
cps (see appendix) 

na tura l  first tors iona l  frequency (experimental), cps 

uncoupled f i r s t  t o r s iona l  frequency (calculated) ,  cps f 
a1 

uncoupled second tors iona l  frequency (calculated) ,  cps 

coeff ic ient  of s t ruc tu ra l  damping based on logarithmic decrement 

1 a0 
an (g = 

log, - where a. is  the i n i t i a l  amplitude and an 

the nth amplitude i n  n cycles of f r ee ly  decaying osc i l l a t ion  

flange spacing on wing spar, i n .  (see f i g .  9) hw 
reduced frequency, bu/v 

coefficient of s t ruc tura l  damping i n  f i r s t  bending mode 

coefficient of s t ruc tura l  damping in  f i r s t  to rs iona l  mode 

k 
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kS 

2 

m 

r S  

r a 

t F  

tw 
V 

Vf 

W 

X u  

E1 

F + i G  

G J  

*fr 

spring constant of equivalent sting support system, lb / in .  
(see appendix) 

general  dimension of length (see t e x t  on se lec t ion  of sca le  
f ac to r s  ) 

wing semispan from center l ine of fuselage t o  center  of w i n g -  
t ip-tank attachments, i n .  

mass of wing per un i t  length, slugs/ft 

distance from ef fec t ive  pitch ax i s  of ro t a t ion  of sting t o  wing 
elastic axis a t  fuselage center l i n e  (see appendix) 

nondimensional radius of gyration of wing sec t ion  about e l a s t i c  

axis, 

flange thickness on wing spar,  i n .  (see f i g .  9) 

web thickness on wing spar, i n .  (see f i g .  9 )  

velocity,  fps  

f l u t t e r  speed, fp s  

weight of w i n g  per un i t  length, lb / in .  

nondimensional center-of-gravity locat ion of wing sect ion r e l a -  
t i v e  t o  half-chord, e/12b; pos i t ive  f o r  center of grav i ty  
rearward of wing e l a s t i c  ax i s  

spanwise coordinate of wing as measured from fuselage center 
l i ne ,  i n .  

w i n g  bending s t i f fnes s ,  l b - i n .  2 

osc i l l a t ing  aerodynamic functions f o r  two-dimensional incom- 
pressible  flow (see r e f .  13) 

wing to r s iona l  s t i f fnes s ,  lb-in.2 

mass r o l l i n g  moment of i ne r t i a  of one-half fuselage about 
fuselage center l i ne ,  ft-lb-sec2 

mass pitchi-ng moment of i n e r t i a  of one-half fuselage and effec-  
t i v e  s t i ng  combination about e f fec t ive  axis of ro t a t ion  i n  
sting, ft-lb-sec2 (see ap-pendix) 



mass r o l l i n  
f t; -1b - s e c 

moment of i n e r t i a  of t i p  tank about wing t i p ,  5 
m a s s  pitching moment of i n e r t i a  of wing per u n i t  length about 

wing e l a s t i c  axis ,  lb-sec2 

m a s s  pitching moment of i n e r t i a  of t i p  tank about wing e l a s t i c  
2 axis ,  in-lb-sec 

Mach number 

Reynolds number 

weight, l b  

weight of t i p  tank, lb 

weight of each wing panel, lb 

nondimensional span coordinate used i n  antisymmetric f l u t t e r  
calculat ions,  y/Zw 

nondimensional span coordinate used i n  symmetric f l u t t e r  

calculat ions,  Y - 3  
2, - 3 

wing mass r a t i o ,  zpb2/m 

sca le  f ac to r  for length, 2M/1F or $/bF 

t ip- tank weight r a t i o ,  Wtpw 
densi ty  of t e s t  medium, slugs/cu f t  

m a r  frequency, 2zf, radians/sec 

Subscripts : 

f f l u t t e r  except as noted 

h bending degree of freedom 

r reference s t a t i o n  a t  three-fourths semispan 

t ' t i p  tank 

7 

r. 
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F fu l l - sca le  airplane except as noted 

M model 

S s t i ng  support system 

W spar web 

a to rs iona l  degree of freedom 

a s p  antisyrmnetric fuselage boundary condition (fuselage f r ee  t o  
r o l l )  considered i n  f l u t t e r  calculations 

SYm symmetric fuselage boundary condition (cant i lever  and fuselage 
pitch) considered i n  f l u t t e r  calculations 

DESCRIFTION OF MODEL 

The model (see f i g .  1) w a s  sting-mounted i n  the Langley 16-foot 
transonic tunnel ( f i g .  l ( a )  ) and was representative of unswept-wing 
fighter-type airplanes equipped w i t h  wing-tip f u e l  tanks .  
r a t i o  of the w i n g s  without t i p  tanks w a s  6 .O, the taper r a t i o  w a s  0.381, 
and the a i r f o i l  shape w a s  an NACA 67~01.3 sect ion.  
aid the 32-percent-chord l i n e  was normal t o  the longitudinal center l i n e  

The aspect 

The wing w a s  untwisted, 

of the airplane; although the e l a s t i c  axis was swept back 5 lo , the  wing 
2 

w a s  considered unswept. 

The model w a s  t e s t ed  with two different-s ize  t i p  tanks (shown i n  
f i g .  2) which were mounted so t h a t  the longitudinal axis  of the tank f e l l  
i n  the plane of the wing. 
zontal  f i n s  located a t  the rear  of the t i p  tank as shown i n  f igure 2. 
Some wing d e t a i l s  may be seen i n  figure 3 .  
as a cant i lever  (see f i g .  3(a))  t o  a cy l indr ica l  body simulating the 
fuselage as a r i g i d  s t ructure  tha t  provided freedom of the model i n  r o l l .  

Tests were conducted wlth a d  wFthout hori-  

Each wing  panel was mounted 

Selection of Scale Factors 

Scaling of the model was based on the simplified model construction 
discussed i n  reference 1 4  (ch. 11). The quant i t ies  scaled were l i n e a r  
dirnensiom , mass, mass unbalance, moments of i ne r t i a ,  frequencies, and 
s t i f fnes ses  of the prototype. The w i z d  tunnel used had an octagonal, 
slotted throat  and was capable of a t ta in ing  Mach numbers up to  1.53. 



8 

The following tab le  l ists  the f l u t t e r  parameters considered signif - 
. 

icant i n  t h i s  investigation i n  terms of the geometric scale factor 
The model was chosen t o  be 1/6 the scale of a representative f igh ter -  
type airplane, and, therefore,  

h .  
1 

where the subscripts M and F r e fe r  t o  model and f u l l  scale ,  respec- 
t ive ly .  The choice of t h i s  par t icu lar  value of h was influenced by 
the  desire t o  obtain Reynolds numbers t ha t  would be as r e a l i s t i c  as 
possible with respect t o  the  ful l -scale  airplane within the  r e s t r i c t i o n  
imposed by available wind-tunnel s i ze .  The density fac tor  pM/pF 

assumed t o  be unity.  

Parameter 

Mass . . . . . . . . . . . .  
Mass moment of i n e r t i a  

per u n i t  length . . . . .  

Mass moment gf i n e r t i a  . . .  

Frequency . . . . . . . . .  

Bending s t i f fnes s  . . . . .  

Torsional s t i f fnes s  . . . .  

Structural  damping . . . . .  

Mach number . . . . . . . .  

Scale fac tor  

1 

1 

was 
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c. 

It should be noted t h a t  % = MF 
differences which may ex i s t  between the stagnation temperature i n  the  
tunnel and t h a t  i n  f ree  air f o r  an airplane.  N o  attempt was made t o  
design a given value of s t ruc tu ra l  damping (gh,g,) i n to  the  model. 
Accurate measurements of the bending and tors iona l  damping coeff ic ients ,  
as determined from logarithmic decrements during the t e s t  program, were 
d i f f i c u l t .  The coeff ic ients  measured varied from 0.01 t o  0 .lo. The mean 
value appeared t o  be approximately 0.035 f o r  both bending and tors ion 
degrees of freedom. This value agrees well with a s t ruc tu ra l  damping 
value of 0.044 obtained from a comparable fu l l - sca le  f igh ter  a i rplane.  

i s  not precisely t r u e  because of 

Mode 1-Cons t ruc t  ion De t a i l s  

Wings.- The so l id  curves shown i n  f igures  4 t o  8 give the  scaled 
s t i f f n e s s  and i n e r t i a l  properties typ ica l  of current fighter-type air- 
planes, and the model w a s  designed t o  meet these specif icat ions.  

The wings were of spar-segment construction as shown i n  f igure 3. 
The spar, the main s t ruc tu ra l  member, w a s  essent ia l ly  a built-up box 
sect ion made from t h i n  sheet s t e e l  and welded a t  a l l  four corners as 
shown i n  section A-A of f igure 3 ( a ) .  This type of spar construction was 
chosen because of the r e l a t ive  ease with which the bending and tors iona l  
s t i f fnesses  could be varied essent ia l ly  independent of one mothe r .  
Dimensions of the spar are  given i n  f igure 9. 

The wing plan form and a i r f o i l  shape were obtained by assembling a 
se r i e s  of adjacent wing segments t o  the spar i n  the  manner shown i n  f ig -  
ure 3(b) fo r  a typ ica l  segment. Ballast weights of the kind indicated 
i n  the  f igure were added t o  each segment t o  adjust  t he  wing mass, mass 
unbalance, and mass moment of i ne r t i a  t o  the design values. The segments 
were built-up hollow sections made from sheet balsa  and were coated inside 
and out sjith f i b e r  glass - and Paraplex t o  provide extra  r i g i d i t y  f o r  the 
segment t o  withstand be t t e r  the forces enzomtered during violent  f l u t t e r .  
Each segment w a s  fastened t o  the spar flanges by means of four screws, 
each screw bearing on a small metal-backed s t r i p  of hardwood glued t o  
the inside of the segment. 

The measured i n e r t i a l  properties of the completed model are  indicated 
i n  f igures  4, 5 ,  and 6, and the spanwise d is t r ibu t ions  of wing s t i f fnesses  
i n  bending and tors ion a re  given i n  f igures  7 and 8, respectively.  
attachment of the balsa segments t o  the spar caused no measurable increases 
i n  bending and tors iona l  s t i f fnesses .  
were covered with s t i f fened  paper f o r  most of the f l u t t e r  runs, and l a t e r  
t h i s  material  was replaced with s i l k  f o r  the remaining runs. 
the  s t i f fnes s  c o n t r i h t i o n  of the silk w a s  more noticeable than t h a t  of 

The 

The gaps between the  balsa  segments 

Although 
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t he  paper, t he  measured s t i f fnes ses  of the  assembled model were not 
s ign i f icant ly  a l t e r ed  because of the  use of e i t h e r  mater ia l .  However, 
t he  measured s t i f fnes ses  which are presented i n  f igures  7 and 8 were 
obtained pr ior  t o  the  f l u t t e r  tests without e i t h e r  paper or  s i l k  sea ls  
attached. 

S t i f fness  measurements made a t  d i f f e ren t  times during the  construc- 
t i o n  of the  model and the  f l u t t e r  test program revealed some weakening 
of t he  wing due t o  f l u t t e r  violence; however, on the bas i s  of frequency 
checks made during the  f l u t t e r  program, it appeared t h a t  such changes 
had l i t t l e  e f f ec t  on the  vibrat ion cha rac t e r i s t i c s  of the wing. The L 
dashed-line curves i n  f igures  7 and 8 were considered most representat ive 8 
of the  s t i f f n e s s  propert ies  of the wing and were used i n  t h e  f l u t t e r  1 
calculat ions.  4 

Scaled s t i f f n e s s  and i n e r t i a  parameters of an actual  f i gh te r  a i r -  
For the plane are included i n  f igures  4 t o  8 f o r  comparison purposes. 

i n e r t i a l  parameters ( f i g s .  4 t o  6 ) ,  these curves apply t o  f u l l  f u e l  load 
i n  the in tegra l  wing f u e l  tanks. 

Tip tanks.-  Figure 2 shows the two t i p  tanks t h a t  were used i n  t h i s  
invest igat ion.  The smaller of these two tanks (hereinaf ter  re fer red  t o  
as tank A) was a geometrically scaled reproduction of a fu l l - s i zed  

have the same shape but three t i m e s  the  i n t e r n a l  volume of the  smaller 
t i p  tank. No attempt w a s  made t o  scale the  s t i f f n e s s  of t h e  t i p  tank o r  
i t s  attachment t o  the  w i n g .  

230-gallon t i p  tank, whereas the  l a rge r  tank ( tank B) w a s  designed t o  3 

- 

Construction of t he  model t i p  tanks consisted of a duralumin cyl in-  
d r i c a l  center sect ion with hollow p l a s t i c  nose and t a i l  cones made of 
f ibe r  glass  and Paraplex. Tank B was  assembled by replacing the  smaller 
nose and t a i l  cones with la rger  ones and mounting a t h i n  duralumin cover 
(shown removed i n  f i g .  2) over the center sec t ion .  
t a i l  cones were provided, one with a horizontal  f i n  and one without a 
f i n ,  i n  order t o  explore the e f f e c t s  of the f i n  on f l u t t e r .  For tank A 
the  f i n  was scaled geometrically from the  fu l l - s ized  configuration. Each 
t i p  tank housed a f lu t t e r - a r r e s t ing  device which i s  described i n  d e t a i l  
la ter  i n  the paper. This device involved the  use of one of th ree  d i f f e r -  
en t  sh i f t ing  weights t o  achieve a rap id  change i n  the  mass unbalance of 
t he  t i p  tank. Table I gives the i n e r t i a l  propert ies  of the  tank f o r  each 
of these weight conditions with no addi t iona l  weights added. 

For each tank, two 

The geometrical propert ies  of both t i p  tanks and f i n s  are a l so  given 
i n  t ab le  I.  
seen i n  figure l ( b ) .  
sect ion of tank B. 

The f a i r ing  a t  the  juncture of the  wing and tank A can be 
This f a i r i n g  w a s  completely covered by the  center 



11 

L S  

6 
1 
I1 

Figure 10 indicates  t he  manner i n  which addi t ional  weights w e r e  
mounted i n  the  tanks t o  simulate a given f u e l  load. As previously noted, 
no e f f o r t  w a s  made t o  take in to  account the e f fec t ive  changes i n  the  t i p -  
t ank  i n e r t i a l  charac te r i s t ics  due t o  fue l  sloshing. The t ip- tank weight 
i s  hereinaf ter  re fer red  t o  i n  terms of the weight r a t i o  p which i s  
defined as the  r a t i o  of t he  t ip-tank weight t o  wing-panel weight by the  
r e l a t i o n  

since Ww = 10 pounds. 

Figure 11 i s  included f o r  the purpose of r e l a t ing  p t o  fu l l - s ca l e  
f u e l  loads f o r  both s i ze  t i p  tanks. In view of t he  r e s u l t s  of r e f e r -  
ence 11 concerning t h e  e f fec t ive  weight of sloshing f l u i d  i n  a tank, t he  
f u e l  loads simulated i n  the present investigation by means of s o l i d  weights 
correspond t o  increased ac tua l  f u e l  loads. 
times the  i n t e r n a l  volume of tank A, the fu l l - sca le  f u e l  capacity of both 
tanks was considered t o  be the  same. The empty weight of tank B w a s  based 
on a fu r the r  assumption t h a t  the  larger  fu l l - sca le  t a n k  housed f ixed  
equipment whose weight w a s  approximately 50 percent of t he  weight of i t s  
f u l l  f u e l  load. The weight of t h i s  f ixed equipment accounts f o r  t he  large 
differences i n  p corresponding t o  the tank-empty condition i n  f igure  11. 
The minimum weight condition indicated by the  dot ted boundary i n  the  f ig -  
ure, and applying t o  a s o l i d  f u e l  load of 25 percent f u l l ,  corresponds 
t o  the  l i g h t e s t  weight of the  f lu t t e r - a r r e s t i rg  device f o r  tank A with 
f i n .  (See t ab le  I.) 

Although tank B had three  

Fuselage.- The main s t ruc tu ra l  member of the  fuselage w a s  a hollow 
steel sect ion t o  which the  wings were mounted through s t e e l  brackets 
welded t o  the  root  of each  xi?^ spar. 
so as t o  permit passage of the  instrument w i r e s  leading from the  model 
t o  the control  room. The fairings forming the  ex terna l  contours of t h e  
fuselage were attached t o  e i t h e r  end of the main member, as may be seen 
i n  f igure  l ( b )  which shows model with middle f a i r ings  removed. 
propert ies  of the  fuselage were not intended t o  be representat ive of cur- 
r e n t  f i gh te r  designs; t he  fuselage w a s ,  i n  fact, e s sen t i a l ly  r i g i d  with 
respect  t o  the w i n g s .  Bearings were housed a t  e i t h e r  end of t he  center 
sec t ion  t o  permit a r o l l i n g  degree of freedom of f180'. Low s t i f f n e s s  
springs were housed within the fuselage t o  posi t ion the  model horizontal ly  
i n  the  tunnel when the model was given freedom t o  roll. Small aerodynamic 
cont ro l  tabs  ( f i g .  l ( a ) )  were located a t  the  r e a r  end of t h e  fuselage t o  
provide manual cclntrol of the  model i n  r o l l .  The r o l l i n g  degree of free- 
dom could be completely locked o u t  so as t o  obtain e s s e n t i a l l y  the  cant i -  
l ever  or symmetric boundary condition. 

This center sec t ion  w a s  made hollow 

The e l a s t i c  

The ac tua l  measured r o l l i n g  i n e r t i a  
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of the model fuselage w a s  2.36 in-lb-sec2 which i s  somewhat la rger  than 
the scaled value of a typ ica l  f i gh te r  fuselage.  

Instrumentation.- All the frequencies i n  both the natural  vibrat ion 
survey and the  f l u t t e r  invest igat ion were measured by means of res is tance 
wire s t r a i n  gages located a t  three d i f f e ren t  s t a t ions  along each wing 
spar as indicated i n  f igure  3(a). 
inside surfaces of the  overhanging flanges,  and the  tors ion  gages were 
mounted t o  the  v e r t i c a l  web members. The s igna ls  from these s t r a i n  gages 
were fed in to  a recording oscil lograph. 
r o l l  could be determined by means of a sl ide-wire posi t ion indicator  
located a t  the  forward end of t he  main center-section member of the  
fuselage. 

The bending gages were mounted t o  the  

The pos i t ion  of the  model i n  

I n  order t o  determine the  v e r t i c a l  accelerat ion of the  fuselage during 
f l u t t e r ,  an accelerometer w a s  located on the  main center-section member 
a t  the  juncture of t he  fuselage center l i n e  and the  wing e l a s t i c  axis. 

High-speed motion pictures  were taken of t he  model during f l u t t e r  
from a posi t ion outside the  tunnel  and i n  l i n e  with the  span of t h e  wing. 
The only other i t e m  of model instrumentation w a s  associated with the  
operation of the  f lu t t e r - a r r e s t ing  device, discussed i n  the  following 
sect ion.  

Flut ter-arrest ing gear.- A desirable  and important fea ture  of  wind- 
tunnel  f l u t t e r  testing i s  a r e l i a b l e  means of preventing a destruct ive 
buildup of amplitude once a f l u t t e r  condition i s  a t ta ined .  The more 
common methods used a t  low speeds such as r e s t r a in ing  wires or  mechanical 
means within the  flow a re  not too sa t i s f ac to ry  a t  t ransonic  speeds. 
Several  a l te rna t ive  methods have been suggested. 
Development Center (WADC) , f o r  instance, has successful ly  res t ra ined  
rudder f l u t t e r  i n  f l i g h t  by quickly changing the  mass balance of the  con- 
t r o l  surface. One of t h e  objectives i n  t h i s  s e r i e s  of tests w a s  t o  eval- 
uate a f lu t te r -a r res t ing  device involving a rap id  s h i f t  of t he  t ip- tank 
center of gravi ty  and i ts  possible appl icat ion t o  f l i g h t  f l u t t e r - t e s t i n g  
techniques. The s h i f t  of the  t ip-tank center of grav i ty  w a s  accompl-ished 
by moving a piston, within a cylinder running the  length of each tank, 
from i t s  extreme rearward posi t ion t o  i ts  extreme forward posi t ion o r  
conversely. 
The position of t h e  pis ton w a s  controlled by an observer o r  by an elec-  
t ron ic  device t h a t  monitored the e l e c t r i c a l  outputs of one of the  s t r a i n  
gages on the wings. When the  osc i l l a t ing  stress a t  t h a t  s t a t i o n  exceeded 
a predetermined level ,  the  p is ton  w a s  automatically f i r e d  t o  i t s  other 
pos i t ion .  

The Wright A i r  

The pis ton could not be stopped a t  an intermediate posi t ion.  

Included i n  f igure  3(a) i s  a s implif ied sketch of the  f l u t t e r -  
a r r e s t ing  gear. Forward t r a v e l  of the pis ton w a s  obtained by supplying 
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a i r  under pressure -through the rearward end of t he  cylinder, whereas 
rearward movement w a s  accomplished by applying a vacuum. E l e c t r i c a l  con- 
t a c t s  were placed a i  each end of the  cylinder i n  order t h a t  the  extreme 
forward end rearward locations of t he  pistons could be recorded by an 
oscil lograph. 

The mass of t he  cylinder, being only 0.53 pound o r  6 percent of the 
tank A f u l l  weight, imposed no weight penalt ies except i n  cases where 
low fuel loads were t o  be simulated. 
0.78, and 1.07 pounds, corresponding respectively t o  4.8, 9.2, and 12.7 per- 
cent of t he  tank A full weight. 

The pistons used weighed 0.40, 

MODEL TESTS 

Vibration Survey 

Before the  f l u t t e r  t e s t s  were started, na tura l  frequencies of vibra- 
t i o n  of the  model were measured with the model mounted i n  a horizontal  
pos i t ion  on a dummy sting. The f l e x i b i l i t y  of t h i s  s t i ng  w a s  made approxi- 
mately equivalent t o  t h a t  of t he  s t ing i n  the  Langley 16-foot transonic 
tunnel  so t h a t  t he  model frequencies obtained i n  t h i s  survey would be 
comparable with those obtained on the  sting i n  the tunnel .  The model w a s  
exci ted both manually and with an electrodynamic shaker attached a t  
various points along the  wing. 

Wind-Tunnei Test Procedure 

Figure l (a )  shows the  model mounted on the  sting i n  t h e  Langley 
16-foot transonic tunnel. 
bers  up t o  0.94 and a t  Reynolds numbers per foot  up t o  4.2 x 106. 

The f l u t t e r  t e s t s  were conducted a t  Mach num- 

I n  conducting the f l u t t e r  t e s t s ,  Yne tn-ael speed w a s  increased 
gradually and maintained a t  various speeds while t he  model response t o  
random tunnel  disturbances w a s  observed and recorded with the  f l u t t e r -  
a r r e s t ing  pis ton i n  the  forward and rearward posit ions of the  t i p  tank. 
Since only two posit ions of t h e  piston were possible (extreme forward 
o r  extreme rearward) during the  approach t o  f l u t t e r ,  the  pis ton w a s  l e f t  
i n  the  posi t ion t h a t  appeared t o  have the  l e a s t  damping as observed by 
t h e  aforementioned response of the  model t o  the  random tunnel  disturbances. 

The wind-tunnel t e s t s  were terminated e i the r  when f l u t t e r  w a s  encoun- 
t e r e d  or when t h e  t e s t  could not proceed fur ther ,  because of tunnel power 
l imi ta t ions  o r  lack of effectiveness of the f lu t t e r - a r r e s t ing  device. 
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When f l u t t e r  was encountered, the tunnel conditions were recorded 
simultaneously with the  operation of the  recording oscil lograph and movie 
camera. 
appeared t o  have more damping, and it was  hoped t h a t  t h i s  would r e s u l t  
i n  a condition t h a t  w a s  not i n  a f l u t t e r  region (a condition which w a s  
usually obtained) . The oscil lograph records and movies were general ly  
taken continuously before, during, and immediately after t h e  f i r i n g  of 
t he  piston. 

A t  the  same time, t he  pis ton w a s  f i r e d  t o  the  pos i t ion  which 

The model w a s  excited manually by plucking the  w i n g  t i p s  i n  bending 

These frequen- 
and tors ion p r io r  t o  and of ten  after each f l u t t e r  run, and records were 
made of the  bending and to r s iona l  v ibra t ion  frequencies. 
c i e s  were measured a f t e r  t he  f l u t t e r  runs t o  provide checks on the  struc- 
tural in t eg r i ty  of t he  model. 

RESULTS AND DISCUSSION 

For convenience most of the experimental and calculated r e s u l t s  of 
Figures I 2  t o  18 l i s t e d  i n  t h i s  investigation a re  indexed i n  t ab le  11. 

t h i s  table show f l u t t e r  Mach number p lo t ted  against  et f o r  both experi-  

mental and calculated r e s u l t s .  Figures 19 t o  23 l i s t e d  i n  the  t ab le  show 
frequency p lo t ted  against  e t .  

Experimental Results 

Table I11 compares some of the r e s u l t s  of the vibrat ion survey with 
the resu l t s  of vibration t e s t s  on an ac tua l  f ighter- type airplane with 
t i p  tanks. The comparisons a re  made between model frequencies obtained 
during the vibrat ion survey and scaled frequencies f o r  the c loses t  wing 
and t ip-tank i n e r t i a l  conditions avai lable  f o r  both model and a i rp lane .  
The airplane frequencies and t ip-tank i n e r t i a l  conditions w e r e  scaled 
according t o  the scale  fac tors  l i s t e d  e a r l i e r  i n  the sect ion e n t i t l e d  
"Description of Model. I f  

i n  table  I11 f o r  f i r s t  bending and f i r s t  to rs ion  indicate  how w e l l  the  
f l u t t e r  mcdel may have represented the fu l l - s ca l e  configuration. The 
f a c t  tha t  the t w o  scaled second bending frequencies l i s t e d  f o r  the a i r -  
plane were considerably higher than the model second bending frequencies 
ccnlil De pa r t ly  due t o  reduced f u e l  r o l l i n g  i n e r t i a  e f f ec t s  (see r e f .  12)  
which may have been present i n  the airplane but  were not rea l ized  i n  the 
:yodel. 

The agreement shown by the l imited comparisons 

Table IV presents the  r e s u l t s  of the  f l u t t e r  tests i n  which the t i p -  
tank i n e r t i a l  propert ies  were systematically varied so as t o  obtain f l u t t e r  
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f o r  r a t i o s  of uncoupled wing bending frequency t o  tors ion  f r e -  
quency fhl / fa l  near unity. 

and rncment of i n e r t i a  f o r  each f l u t t e r  run are represented by a simple 
designatj-on. I n  this  designation t h e  l e t t e r  "A" or "B" i d e n t i f i e s  the  
t i p  tank used, the  s e t  of numbers following the  f irst  dash r e f e r s  t o  1, 
and the  set of numbers following the  second dash gives the uncoupled fre- 
quency r a t i o  fh l / fa l '  A s  previously noted, the  value of p w a s  deter-  

mined from the  r a t i o  of t ip-tank weight t o  wing-panel weight; t he  f r e -  
quency r a t i o  w a s  determined from figures 24 and 25. The phase angle indi-  
cated i n  t ab le  IV i s  the angle by which the  bending s t r a i n  l e d  the  tors ion  
s t r a i n .  

In  t h i s  table the  t ip-tank weight r a t i o  p 

Effect  of t ip-tank center of gravity.-  The e f f ec t  of et on f l u t t e r  
p and fre- speed may be seen i n  f igures  12 t o  18 fo r  various values of 

quency r a t i o  fhl/fal e The various frequency r a t i o s  correspond t o  d i f f e r -  

e n t  moments of i n e r t i a  f o r  a given value of p.  Speeds where f l u t t e r  w a s  
encountered a re  represented by the solid points  and the  open points  indi-  
ca te  speeds reached i n  the t e s t s  without encountering f l u t t e r .  

With the exception of f igure  16, the r e s u l t s  presented i n  f igures  I 2  
t o  18 were obtained with the  fuselage locked t o  prevent roll; thus,  these 
r e s u l t s  are f o r  symmetric f l u t t e r ,  tha t  is, f l u t t e r  with both wing panels 
o s c i l l a t i n g  i n  phase. These f igures ,  except f o r  f igure 12, apply t o  the 
smaller t i p  tank (tank A ) .  
are increased f o r  center-of-gravity posit ions forward of the  e l a s t i c  axis  
and tend t o  decrease as the  ratio of uncoupled w i n g  bending frequency t o  
tors ion  frequency approaches uni ty .  

I n  general, as may be observed, f l u t t e r  speeds 

(See, f o r  example, f i g .  14 . )  

The f l u t t e r  frequencies corresponding t o  the  f l u t t e r  speeds (shown 
i n  f i g s .  I 2  t o  16) a re  presented i n  f igures  19 t o  23. 
1~res 19 t o  23 show the f irst  and second measured wing na tu ra l  frequencies 
with t h e  model on the  sting, the f irst  and second calculated coupled f r e -  
quencies, and the  f i rs t  bending and f i r s t  t o r s iona l  uncoupled freqixncies .  
Each f igure  appl ies  t o  a given tip-tank weight r a t i o  p and a given cal- 
culated frequency r a t i o  fhl/fal. The f a c t  t h a t  the  experimental f l u t t e r  

frequency consis tent ly  f e l l  between the measured f i rs t  bending and f i r s t  
t o r s iona l  wing frequencies of the  model mounted on the  s t i n g  indicates  
t h a t  t h e  wing with t i p  tanks f lu t t e r ed  mainly i n  a combination of t he  
f i r s t  bending and f i r s t  t o r s iona l  s t ruc tu ra l  modes. 
w a s  observed on the  model during f l u t t e r .  To show t h i s ,  a typ ica l  f l u t t e r  
cycle,  f igure  26, i s  reproduced from t h e  motion pictures  taken during 
f l u t t e r .  

I n  addition, f i g -  

This type of motion 
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Effect of ti -tank weight.- A comparison of the data  of figure 13 ( f h l j % : 0 . 9 ) j p = 0 . 5 9 ) Y i t h  the data of f igure 15 (fhl/fal = 0 *92; 

indicates t ha t  &I increase of p from 0.59 t o  1.007 i s  accom- 
a moderate decrease i n  f l u t t e r  speeds fo r  any given value 

of et .  
show the e f fec t  a t  low values of p.  

However, the f l u t t e r  data given i n  tab le  IV are  insuf f ic ien t  t o  

An appraisal  of the f lu t t e r - a r r e s t ing  gear.- I n  f igures  I2 t o  15 
the  e f fec t  of the tip-tank center of gravi ty  on the symmetric f l u t t e r  
boundary indicates tha t ,  i n  general, the  forward posi t ion of the  pis ton 
should have resul ted i n  a f lu t t e r - f r ee  condition. The f a c t  t h a t  t h i s  
proved t o  be the case i s  a t t e s t ed  t o  by the motion pictures  and the 
oscillograph records which were taken continuously when f l u t t e r  occurred 
t o  provide complete time h i s to r i e s  of the f l u t t e r  response and subsequent 
damping act ion caused by the change i n  posit ion of the  pis ton.  Figure 27 
is  a typical  f l u t t e r  oscillogram which shows c lear ly  how the  forward 
position of the piston damped the osc i l l a t ions .  For a l l  conditions where 
the  t ip - tank  center of gravi ty  was sh i f ted  forward of the e l a s t i c  axis, 
the  f lu t te r -a r res t ing  gear was e f fec t ive  i n  damping f l u t t e r .  

Despite the effectiveness of t h i s  device, the shapes of the f l u t t e r  
boundaries were such as t o  impose ce r t a in  r e s t r i c t ions  on the  p rac t i ca l  
application of the variable unbalance feature  of the device. These r e s t r i c -  
t i ons  are evident i n  a comparison of f igures  15 and 16 which show increasing 
f l u t t e r  speeds fo r  tip-tank centers of gravi ty  rearward of ce r t a in  loca- 
t i ons .  Figure 15 shows t h a t  it was possible t o  traverse a small portion 
of the f l u t t e r  region in to  a safe region without dangerous amplitudes 
building up. However, f igure 16 shows a f l u t t e r  condition where t h i s  w a s  
not possible. With the center of gravi ty  approximately 3.6 inches rear-  
ward of the e l a s t i c  axis ,  firing the pis ton forward established a condi- 
t i o n  also very close t o  the f l u t t e r  boundary as indicated by the open 
point a t  approximately 1.4 inches rearward of the e l a s t i c  a x i s .  
t h i s  sh i f t  did not change the center of grav i ty  t o  a posi t ion i n  the  safe  
region, t h i s  t e s t  could not be safely conducted beyond a Mach number 

* 
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Since 

Of 0 -37 9 

A further r e s t r i c t i o n  i n  the application of the  a r res t ing  device t o  
f l i g h t - f l u t t e r  use may be seen by examining the weight and s i ze  of a f u l l -  
scale  f lu t te r -a r res t ing  device. 
reproduced according t o  the scale fac tors  applicable t o  the  f l u t t e r  model, 
the  f l u t t e r  a r res t ing  tube would be 6 times as long, or  approximately 
12 f e e t .  The ful l -scale  piston would be 216 times as heavy, or would 
weigh approximately 230 pounds for  the heaviest pis ton.  

If a ful l -scale  device of t h i s  type were 

The cumbersome features of a mass of t h i s  s ize  moving such a distance 1 

i n  a ful l -scale  tank may be o f f se t  by the time of t r a v e l  of the  pis ton 
from one end of the tube t o  the other .  I n  order fo r  the pis ton t r a v e l  
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t o  be accomplished i n  the  same number of f l u t t e r  cycles f o r  both model 
and airplane,  t he  fu l l - sca le  pis ton would have t o  t raverse  the  a r r e s t ing  
tube length i n  about 2- seconds. 1 

2 

It is recognized t h a t  f l u t t e r  conditions can occur which may be 
insens i t ive  t o  a change i n  mass unbalance and t h a t  under such conditions 
more su i tab le  f lu t t e r - a r r e s t ing  devices may be those which suddenly cause 
a large increase i n  the  damping of the s t ruc ture .  However, f o r  the sym- 
metric f l u t t e r  encountered i n  the  present study, the  s h i f t i n g  mass- 
unbalance pr inciple  proved very effective within the  l imi ta t ions  discussed 
i n  the  preceding paragraphs. 

Effect  of tip-tank s ize . -  The e f fec t  of the s i ze  of the  t i p  tank on 
f l u t t e r  can be seen i n  f igure I 2  by a comparison of t he  curve through the  
large symbols (pertaining t o  the  large tank) with the  curve through the  
s m a l l  symbols (pertaining t o  the small tank) ,  both tanks having nearly 
the same value of p 
s m e  frequency ratio fhl/fal). 

large t i p  tank, which was as much a s  15 percent i n  the region covered by 
the t e s t s ,  i s  probably due mainly to  the increased aerodynamic forces  
r e su l t i ng  from the la rger  tank, although it should be noted t h a t  approxi- 
mately 11 percent of the area of the half-wing w a s  covered by the large 

t i p  tank. (See f i g .  3 ( a ) . )  

and moment of i ne r t i a  (and, as a r e su l t ,  nearly the 
The reduction i n  f l u t t e r  speed f o r  the 

2 

Effect  of t ip- tank f i n s , -  Most of the f l u t t e r  runs were conducted 
with a horizontal  f i n  attached near the  trailing edge of t.he t i p  tank on 
the  outboard s ide .  
the  e f f e c t  of t h i s  a l t e r a t ion  on the f l u t t e r  speed may be seen by com- 
paring ce r t a in  t e s t s  i n  t a b l e  IV f o r  both large and small t i p  tanks.  I n  
soice of these cases the f i n  appeared t o  be benef ic ia l  and i n  other cases 
it w a s  not .  For t i p  tank A, for example, comparisons between t e s t s  4 
and 3 f o r  a low tip-tank weight and between tests 25 arid 25 f o r  a high 
t ip- tank weight show t h a t  t he  use of t h e  f i n  s ign i f i can t ly  increased the  
f l u t t e r  speed. I n  contrast ,  however, comparisons between t e s t s  6 and 7 
f o r  t i p  tank A and between tes ts  40 and 41 f o r  tank B indicate  t h a t  the  
addi t ion of f i n s  had l i t t l e  e f f ec t  on the  f l u t t e r  speed and ac tua l ly  
reduced t h e  f l u t t e r  speed s l i g h t l y  f o r  t he  large tank. 

Some t e s t s  were conducted with t h e  f i n  removed, and 

Observations on fuselage freedoms.- The e f f ec t  of freeing the  fuse- 
lage t o  roll about i ts  longitudinal axis is  shown i n  f igure  16. These 
da ta  per ta in  t o  the large t i p  tank f o r  p = 1.02 and an uncoupled sym- 
metric frequency r a t i o  of 1.04. 
responds t o  the  fuselage-locked condition, whereas the  squares apply t o  
t e s t s  i n  which the  ro l l i ng  freedom was p e m i t t e d .  This addi t iona l  free- 
dom produced l i t t l e  o r  no e f f ec t  on the  f l u t t e r  speed i n  the  regior, where 

The s o l i d  curve through the  c i r c l e s  cor- 
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symmetric f l u t t e r  w a s  encountered. Here, as i n  previous f igures ,  the  
open points represent speeds reached without encountering f l u t t e r .  
Previous experiences with antisymmetric f l u t t e r  (see,  f o r  example, r e f .  10) 
have indicated t h a t  t h i s  type of f l u t t e r  can be c r i t i c a l  f o r  forward t i p -  
tank centers of gravi ty .  I n  t h a t  case, f i r i n g  the  p is ton  rearward would 
be necessary t o  move away from the f l u t t e r  boundary and a r r e s t  f l u t t e r .  
For these tests,  however, antisymmetric f l u t t e r  w a s  not encountered over 
t h e  range of tank weights and frequency r a t i o s  covered. The f a i l u r e  t o  
locate t h i s  boundary may be a t t r ibu ted ,  first, t o  the  f a c t  t h a t  t h e  
uncoupled f i rs t  antisymmetric bending t o  first to r s iona l  frequency r a t i o  
w a s  3.36,  whereas the corresponding symmetric frequency r a t i o  w a s  1.04; and 
second, t o  t h e  i n a b i l i t y  of t he  control  surfaces on the  t a i l  and t h e  s o f t  
to rs iona l  spring inside the  fuselage t o  keep the  model posit ioned i n  a 
near-horizontal a t t i t u d e  su f f i c i en t ly  w e l l  t o  permit s a t i s f ac to ry  t e s t s  
at  Mach numbers higher than 0 .&I f o r  the  fuselage f ree- to- ro l l  condition. 

The t e r m  symmetric f l u t t e r  as used i n  t h i s  paper appl ies  t o  f l u t t e r  
where the wings were moving i n  phase and w a s  obtained when the  fuselage 
was  locked t o  prevent r o l l .  However, from observation and motion p ic tures  
m a d e  during the  tests, together with oscillograms of a s t r a i n  gage on 
the  s t ing and an accelerometer on the  model center l i n e  a t  t he  wing e l a s t i c  
axis, it i s  c l ea r  t h a t  v e r t i c a l  motion of t he  fuselage was present .  This 
motion w a s  pa r t i cu la r ly  noticeable f o r  more violent  f l u t t e r  responses i n  
which the e n t i r e  model and the  sting appeared t o  be pi tching about some 
axis i n  the s t i ng  support system. Subsequent s t a t i c  and dynamic s tudies  
of the sting support system revealed t h a t  t h e  sting has considerable 
f l e x i b i l i t y  and that an axis of ro t a t ion  e x i s t s  i n  pa r t  of t he  supporting 
s t ructure  j u s t  beneath the  tunnel f loo r .  Some information on the  e l a s t i c  
and i n e r t i a l p r o p e r t i e s  of t he  s t i ng  support system is  given i n  the  appen- 
d ix .  Furthermore, the  fundamental natural frequency of the  e n t i r e  sting 
model system appears t o  be w e l l  within the range of the model frequencies.  
These dynamic charac te r i s t ics  of the  sting mount should be kept i n  mind 
when interpret ing the  symmetric f l u t t e r  results obtained i n  t h i s  
investigation. 

Remarks on model f l u t t e r  results and r e l a t ed  fu l l - sca le  f l i g h t  
f l u t t e r  experience.- Under ce r t a in  special  t ip-tank i n e r t i a l  loading 
conditions involving the use of lead weights i n  the t i p  tanks, f l u t t e r  
was experienced i n  f l i g h t  t e s t s  conducted by the Wright A i r  Development 
Center on the fighter-type airplane re fer red  t o  i n  the preceding sections 
of t h i s  paper. Some uncertainties exis ted i n  the ac tua l  i n e r t i a l  loading 
conditions, pa r t i cu la r ly  with regard t o  the d is t r ibu t ion  of f u e l  within 
the wing. Exploring such conditions on the model would have necessi ta ted 
removal of the f lu t t e r - a r r e s t ing  device and w a s ,  therefore,  postponed 
u n t i l  the  end of the experimental program. However, an attempt t o  repro- 
duce the f l i g h t  f l u t t e r  point with the model would have had uncertain 
value since the i n e r t i a l  properties of the model wing d id  not duplicate 
the scaled values of the airplane wing. (See f i g s .  4 t o  6 ,) Furthermore, 
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the e f f e c t  of the s t ing  f l e x i b i l i t y  as  an additional degree of freedom 
would make comparisons between model and fu l l - sca le  r e su l t s  d i f f i c u l t .  
For these reasons, the conducting of the postponed t e s t  without the 
f lu t t e r - a r r e s t ing  device was not considered advisable. Despite the 
important differences tha t  exis ted between the model and f l i g h t  f l u t t e r  
conditions, some resu l t s  have been chosen f o r  conditions which, although 
f a r  removed from those of the airplane, a r e  as near as  could be approached 
i n  the experimental program t o  those t h a t  a re  believed t o  have exis ted a t  
the t i m e  the fu l l - sca le  airplane f lut tered.  These r e su l t s  a r e  presented i n  
f igure 28 i n  terms of Mach number a t  f l u t t e r  as a function of the r a t i o  of 
uncoupled wing bending frequency t o  torsion frequency and show that the 
model f l u t t e r e d  i n  the same Mach number range f o r  comparable frequency 
r a t io s .  Better agreement might be expected i f ,  as  indicated previously, 
more accurate i n e r t i a l  properties of the airplane had been reproduced i n  
the .,iode1 and i f  the dynamic properties of the s t i ng  support system could 
have been adjusted t o  represent the body degrees of freedom exis t ing  i n  
the airplane.  

Calculations and Correlation of Experiment and Theory 

Methods of calculations.-  The calculated f l u t t e r  speeds and f l u t t e r  
frequencies presented i n  this  paper were determined by application of a 
Rayleigh-Ritz type of analysis i n  which a combination of uncoupled vibra- 
t i o n  modes was employed t o  represent the f l u t t e r  mode. 
measured wing  i n e r t i a l  and s t i f fnes s  properties given i n  f igures  4 t o  8, 
these modes were computed by means of the i t e r a t ive  method presented in 
reference 15- 
frequencies computed by t h i s  method are s h ~ m  as functions of p and 1% 
i n  f igures  24 and 25, respectively.  The corresponding mode shapes are 
shown i n  cross-plot form i n  figures 29 and 30. 
second bending and second tors ional  mode shapes and frequencies a re  given 
i n  f igure 31. 
mode shapes and Ireqwnzies  

By use of the  

';he uncoupled cantilever f i r s t  bending and first t o r s iona l  

The uncoupled cant i lever  

Figure 32 shows the uncoupled antisymmetric f irst  bending 

I n  addition t o  approximating the f l u t t e r  mode by means of a l imited 
number of uncoupled modes, the f l u t t e r  calculations a l so  involved the  
following simplifying assumptions : 

(1) The osc i l l a t ing  aerodynamic forces and moments act ing on the 
wing were those derived by Theodorsen i n  reference 13 on the bas i s  of 
two-dimensional incompressible potential-flow theory (except f o r  one 
case involving compressibility noted l a t e r ) .  
w a s  accounted f o r  i n  two different  ways ,  one of which amounted t o  
weighting or  grading the aerodynamic forces and moments according t o  the  
taper  r a t i o  as recommended i n  reference 16. 
of the span w a s  a r b i t r a r i l y  chosen as a reference s t a t i o n  and the 

The e f f ec t  of wing taper  

The s t a t ion  a t  three-fourths 
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F f i G  pa r t s  of the aerodynamic coef f ic ien ts  fo r  k a t  t h i s  reference 
s t a t i o n  were held constant along the  span, whereas the  remaining pa r t s  
of the aerodynamic coeff ic ients  were allowed t o  vary with span according 
t o  the semichord r a t i o  b/br. This method i s  f o r  convenience iden t i f i ed  
herein by the  t e r m  "graded coeff ic ients ."  
"constant coeff ic ients ,  I' t he  reference s t a t i o n  w a s  a l so  a t  three-fourths 
of the span but  a l l  par t s  of the aerodynamic coef f ic ien ts  were held inde- 
pendent of span f o r  k a t  t h i s  s t a t ion .  

In  the other  method, labeled 

(2) Aerodynamic forces an8 moments on t h e  t i p  tank were not included. 

( 3 )  The e f f e c t  of s t r u c t u r a l  damping i n  bending o r  to rs ion  w a s  taken 
In to  consideration i n  the  manner recommended i n  reference 17; t h a t  is ,  
it w a s  assumed t h a t  

t h i s  constant w a s  taken as zero; but f o r  a number of cases, a value of 
0.035 was used. 
vibration da ta  and has already been mentioned i n  the  sect ion on scale  
f ac to r s .  

ghl = gal = Constant. For most of t he  calculat ions 

This value w a s  chosen on the bas i s  of t he  experimental 

With these assumptions included i n  t h e  analysis,  f l u t t e r  calculat ions 
w e r e  performed f o r  three d i f f e ren t  wing-root boundary conditions, two of 
which were symmetric and the  t h i r d  antisymmetric t o  correspond, respec- 
t i v e l y ,  t o  t he  locked and unlocked fuselage i n  the  f l u t t e r  experiments. 
The f i r s t  of these boundary conditions w a s  the  idea l  cantilever-wing 
condition, whereas the  second condition w a s  t h a t  the  pitching motion of 
the  sting w a s  approxiaated by means of a simple spr ing- iner t ia  system 
whose properties a re  given i n  the  appendix and w a s  introduced in to  the  
f l u t t e r  calculations as an addi t ional  e l a s t i c  degree of freedom. For 
t he  antisymmetric condition, corresponding t o  the  unlocked fuselage,  the  
calculations included the  f i rs t  antisymmetric wing bending modes given 
i n  f igure  32 f o r  two d i f fe ren t  fuselage and t ip- tank r o l l i n g  moments of 
i n e r t i a .  The e n t i r e  program of f l u t t e r  calculat ions has been c lass i f ied ,  
according t o  the degrees of freedom used, by the code designation given 
i n  the  following t ab le  i n  order t o  f a c i l i t a t e  i den t i f i ca t ion  of important 
features  i n  spec i f i c  applications of the  analysis  : 
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:dentif  i c a t i o n  
of ann1ys i s 

A - 1  

A-2 

A-3  

A-4 

B- 1 
~- 

c-1 

C -2 

._ 

Boundary 
condition 

symnetric 
( can t i l eve r )  

Aerodynamic assumptions 
f o r  wing t ape r  

Graded coef f ic ien ts  

Constant coef f ic ien ts  

Constant coef f ic ien ts  

Constant coef f ic ien ts  
(compressible) 

(st- Symmetric flexible) Constant coef f ic ien ts  

Antisymmetric 

Constant coef f ic ien ts  

Constant coef f ic ien ts  

Degrees of freedom 

i F i r s t  bending, f i rs t  to r s ion  

~ F i r s t  bending, f i r s t  t o r s i o n  
I r  

FFrs t  bending, f i r s t  t o r s i o n  *One I[ Second bending, second t o r s i o r  

I 
' F i r s t  bending, f i r s t  t o r s i o n  
i 
I Ti::? 1 F i r s t  bending, f i r s t  t o r s i o n  

- 

F i r s t  asymmetric bending, 
, F i r s t  t o r s i o n  

including t ip - tank  
r o l l i n g  i n e r t i a ,  

LFirst t o r s ion  
. ~ 

For convenience i n  comparing the calculated and experimental r e s u l t s ,  
the  ana ly t i ca l  ident i f ica t ions  given i n  t h i s  t ab le  are repeated i n  
t ab le  11. 
by assumption (3)  given previously, only analysis A - 1  w a s  used. 

I n  studying the  e f f ec t s  of s t r u c t u r a l  damping as s t ipu la t ed  

The calculated f l u t t e r  speeds and f l u t t e r  frequencies a re  given i n  
t ab ie  V, w%ich i s  divided in to  s i x  p a r t s ,  each pa r t  being iden t i f i ed  
according t o  the  code given i n  the preceding t ab le .  
V( b) , and V( c)  apply t o  the  idea l  emtilever-wing boundary condition. 
Calculations using approximations t o  the  f l e x i b i l i t y  i n  the  model mounting 
system are  given i n  t ab le  V(d), and antisymmetric f l u t t e r  solut ions are 
given i n  t ab le s  V ( e )  and V ( f )  . 

Tables V(a), 

Results of analyses A-1 and A-2. -  Comparison of the  r e s u l t s  given 
i n  t ab le  V ( a )  f o r  analysis A - 1  ( f o r  zero damping) with those given i n  
t ab le  V(b) f o r  analysis  A-2 f o r  the  same tip-tank i n e r t i a l  conditions 
indicates  t h a t  t he  use of constant aerodynamic coef f ic ien ts  yielded f l u t -  
t e r  SFeedS t h a t  were as much as 30 percent higher than those obtained 
with graded coef f ic ien ts .  
t o  the former and simpler application of two-dimensional aerodynamic 
coef f ic ien ts  i s  similar t o  that found f o r  unswept, cant i lever  bare wings 
of considerably lower frequency ra t ios  and somewhat higher taper  r a t i o s  
than the frequency and taper ra t ios  of the present configuration. (See, 
fo r  example, r e f .  18.) 

This trend toward higher f l u t t e r  speeds due 
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The r e s u l t s  of analyses A - 1  and A-2 without damping are compared, on 
the  basis of Mach number, with experimental f l u t t e r  r e s u l t s  i n  f igures  13 
t o  18, except f o r  f igure  17 i n  which the  e f f ec t  of damping i s  a l so  shown. 
Although fo r  some cases the comparison suf fers  f o r  lack of a more complete 
f i x  on the  experimental f l u t t e r  boundaries, notably i n  f igures  17 and 18, 
it i s  nonetheless evident t h a t  t he  disagreement between experiment and 
calculation was enlarged as the r a t i o  of uncoupled bending frequency t o  
tors ion frequency approached uni ty .  Furthermore, there  were consis tent  
tendencies f o r  the  calculat ions t o  be excessively conservative when the  
tip-tank centers of grav i ty  were within 1 inch t o  the  rear of t he  e l a s t i c  
ax is ,  and f o r  experimental and calculated f l u t t e r  speeds t o  converge on 
one another f o r  t ip-tank centers of grav i ty  fur ther  t o  the  r e a r  of the  
e l a s t i c  axis.  As  w a s  pointed out i n  reference 11, t h i s  behavior may be 
due t o  the  failure t o  include some estimated t ip- tank aerodynamic forces 
and moments i n  the  calculat ions.  
sect ion.)  
constant coef f ic ien ts  were i n  b e t t e r  agreement with experiment than were 
those calculated by using graded coef f ic ien ts .  

+ 

(See assumption (2)  i n  the  preceding 
Figures I 2  and 16 show t h a t  f l u t t e r  speeds calculated by using 

Effects of s t r u c t u r a l  damping.- Table V(a) and f igure  17 show some 
e f f ec t  of introducing a damping coef f ic ien t  of 0.035 in to  the  simple two- 
mode f l u t t e r  calculat ions involving graded aerodynamic coef f ic ien ts  
(analysis A-1)  . The increases i n  f l u t t e r  speeds, due t o  damping, were 
generally greater  fo r  t ip-tank centers of grav i ty  within 1 inch t o  the  
rear of the  e l a s t i c  axis than f o r  t ip- tank centers of grav i ty  fu r the r  
t o  the  r ea r .  Case 4-0 f o r  et = 0 shows t h a t  the  f lut ter-speed increase 
w a s  very abrupt.  Moreover, it can be noted i n  t h i s  t ab le  t h a t  the  
increase i n  f l u t t e r  speed a l so  tended t o  be grea te r  as the  uncoupled 
frequency r a t i o  u+, 1/"1 
example, case 34 with case 47 and case 35 with case 49 f o r  approximately 
the  sane values of p and et.)  This t rend i s  i n  general  agreement with 

t h a t  found i n  the  extensive theo re t i ca l  f l u t t e r  s tudies  of reference 19. 
The ef fec ts  of t h i s  small damping coef f ic ien t  mater ia l ly  improved the  
agreement between the calculated and experimental r e s u l t s ,  pa r t i cu la r ly  
f o r  cases where t h e  calculations without damping yielded excessively 
conservative answers. 

- 

approached and exceeded uni ty .  (Compare, f o r  

Effects of higher uncoupled modes and compressible aerodynamic coef- 
f i c i e n t s  .- Table V( c)  corresponding t o  analysis A-3 shows t h a t  the  in t ro-  
duction o f  various combinations of higher uncoupled modes in to  analysis A-2 
produced a negligible e f f ec t  on f l u t t e r  speed and f l u t t e r  frequency f o r  
the  case considered, namely case 64. 
erence 5 ,  it i s  reasonable t o  expect a greater  influence of higher modes 
f o r  conditions of greater  mass unbalance (corresponding t o  high 
ues i n  the present invest igat ion)  than the  mass unbalance of case 64. 

On the  bas i s  of the  r e s u l t s  of ref- 

e t  val-  * 
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Although, as previously noted, most of the  f l u t t e r  calculat ions 
presented i n  t h i s  paper were based on incompressible-flow theory f o r  t h e  
aerodynamic approximations, the e f fec ts  of compressibil i ty w e r e  explored 
by means of analysis  A-4, which w a s  based on constant coef f ic ien ts  cor- 
responding t o  a Mach number of 0.7 as given i n  reference 20.  The ca l -  
culat ions made by using t h i s  analysis were a l so  applied t o  case 64, and 
the  r e s u l t s ,  l i s t e d  f o r  case 65 of table V(b), indicate  t h a t  the  f l u t t e r  
speed was not appreciably affected here by compressibil i ty.  
mate check on t h i s  e f f ec t ,  examination of f igure  1 i n  reference 20 showed 
t h a t  the  IC and frequency r a t i o  of the model f o r  t h i s  calculat ion f e l l  
approximately i n  a region where the same f l u t t e r  speeds could be obtained 
with e i t h e r  compressible (M = 0.7) o r  incompressible (M = 0)  coef f ic ien ts .  

A s  an approxi- 

The case chosen fo r  these studies w a s  one f o r  which there  exis ted 
a wide disagreement between theory and experiment and it i s  apparent t h a t  
no improvement w a s  obtained by introducing e i t h e r  higher uncoupled modes 
or compressible aerodynamic coeff ic ients .  

Note on coupled modes of vibration.-  Along with the  other frequencies 
i n  f igures  19, 20, and 23 are  shown also the  first two coupled cant i lever  
frequencies which were calculated from the  f l u t t e r  s t a b i l i t y  determinants 
with the  aerodynamic terms omitted. These computations were performed 
f o r  the purpose of estimating how much of the  discrepancy between measured 
frequencies and calculated uncoupled frequencies w a s  due t o  coupling i n  
the  system. As may be observed, coupling cons t i tu tes  a r e l a t i v e l y  s m a l l  
part  of t h i s  discrepancy, especial ly  f o r  t h e  f i rs t  mode. The remaining 
gap, of as much as 30 percent, between measured and calculated coupled 
Trequenclcs i s  probably due i n  large measure t o  the  f a c t  t h a t  the  measured 
frequencies include a strong influence or' t h e  s t i r i  sciyport. system. 

Effect of s t i ng  f l e x i b i l i t y . -  The e f f ec t  of f l ex ib l e  pitching i n  
the  s t i n g  mount, as simulated by means of analysis B-1, i s  shown i n  
t ab le  V(d) and f igure 3 3 .  Case 64 was used i n  t h i s  study which included 
a range of s t b g  freqixncies f, and equivalent st ing-fuselage pi tching 
moments of i n e r t i a  Ifs. 
sens i t ive  t o  frequency f s  but r e l a t ive ly  insens i t ive  t o  i n e r t i a  If,. 

The calculated f l u t t e r  speed i s  see3 t o  be 

I n  order t o  compare the  resu l t s  of analysis  B-1 with experiment, 
estimates of the  parameters (Ifs = 26.4 ft-lb-sec2 

are  made i n  the  appendix and are  shown as dashed l i n e s  on f igure  3 3 .  By 
using the  estimated values of the  parameters, it can be observed t h a t  
there  i s  very l i t t l e  e f f ec t  of s t ing f l e x i b i l i t y  on f l u t t e r  speed f o r  
t he  case considered. However, t he  large e f f ec t  of frequency fs  indi-  
cates  t h a t  s t i ng  f l e x i b i l i t y  may be important when the  f l u t t e r  frequency 
i s  close t o  the  s t ing  frequency. 

and f s  = 16.8 cps) 
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Antisymmetric boundary condition.- The r e s u l t s  of the antisymmetric 
f l u t t e r  calculations a re  given i n  tables V(e) and V ( f )  f o r  analyses C - 1  
and C-2, respectively.  These calculations involved the f i r s t  uncoupled 
a n t i s m e t r i c  bending-mode shapes and frequencies presented i n  f igure 32. 
The f l u t t e r  speeds and f l u t t e r  frequencies a r e  considerably higher than 
those obtained from cantilever analysis A-2 f o r  the same tip-tank weight 
and moment of i n e r t i a  because of the grea t ly  increased frequency r a t i o s  
based on the antisymmetric bending frequency. An overal l  picture  of the 
e f f ec t  of frequency r a t i o  i n  re la t ion  t o  tip-tank center-of-gravity loca- 
t i o n  i s  shown f o r  three frequency r a t i o s  i n  f igure 34 and corresponds t o  
analysis C - 1 .  
a d y  more pronounced f o r  forward tip-tank centers of gravi ty  than f o r  
rearward tip-tank centers of gravity.  Notice a l s o  the reversed e f f e c t  
of t h i s  parameter on f l u t t e r  speed as the t ip-tank center of gravity i s  
moved from a posi t ion forward of the e l a s t i c  axis t o  a posi t ion rearward 
of the e l a s t i c  axis. The value of Ifr used i n  analysis C - 1  w a s  estimated 

A s  may be seen, the frequency-ratio e f f e c t  w a s  consider- 

du r ing the  design of the model. The higher value of Ifr used i n  analy- 

s i s  C-2 w a s  based on measured data  obtained a f t e r  completion of t he  model. 
However, the differences i n  f l u t t e r  speeds between t ab le s  V ( e )  and V ( f )  
a r e  a t t r ibuted more t o  the e f f e c t  of Itr than of If,. This contention 

i s  based on the existence of a s m a l l  difference between the  antisymmetric 
bending frequencies due t o  the two d i f fe ren t  values of Ifr, as compared 

with the larger  difference caused by modifying the  t i p  bending-moment 
boundary condition from zero t o  a f i n i t e  value determined from the  es t i -  
mated tip-tank r o l l i n g  i n e r t i a  about the wing t i p .  (See f i g .  3 2 . )  How- 
ever, as comparison between t ab le s  V ( e )  and V(f) shows, t he  e f f e c t  of 
t h i s  parameter on f l u t t e r  speed w a s  small. 

1 

- 

The theore t ica l  antisymmetric f l u t t e r  t rend plot ted i n  figure 16 
( f o r  analysis C-2)  serves t o  show the location of the experimental Sym- 
metric f l u t t e r  region. 
have f a l l en  within the speed range covered by the experiments, p a r t i c u l a r l y  
f o r  forward t ip-tank centers of gravity,  had the r a t i o  of uncoupled an t i -  
symmetric bending frequency t o  tors ion frequency been closer  t o  uni ty .  
Preliminary analyt ical  work during the construction of t he  model indi-  
cated that t h i s  condition might be real ized f o r  t ip-tank weights 
approaching an empty condition, a condition which w a s  not a t ta inable  i n  
t h i s  investigation. 

A s  i s  implied i n  f igure 34, t h i s  region might well  

CONCLVSIONS 

An extensive investigation has been made of f l u t t e r  of a true-speed 3 

uynamically scaled rnodel representative of unswept-wing fighter-type 
airplanes with t i p  tanks. The model w a s  one-sixth the s i z e  of an unswept - 



f igh te r  a i rplane having an aspect ra t io  of 6 and w a s  of spar-balsa 
segment-type construction with a f lu t t e r - a r r e s t ing  device i n  each t i p  
tank. The following conclusions can be drawn from the results of 
t h i s  investigation: 

1. A true-speed dynamically scaled model can be b u i l t  t o  s a t i s f y  
a given s e t  of e l a s t i c  and i n e r t i a l  specif icat ions f o r  f l u t t e r  tests a t  
high subsonic speeds. 

2 .  I n  general, symmetric f l u t t e r  speeds were increased f o r  t ip- tank 
center-of-gravity posit ions forwmd of t h e  e l a s t i c  ax is  and tended t o  
decrease as the r a t i o  of uncoupled wing bending frequency t o  tors ion  
frequency fhl/fal approached unity.  

3 .  Increasing the  volume of the  t i p  tanks by a f ac to r  of 3 tended 
t o  decrease the  f l u t t e r  speed. 
a t  the rearward end of the  tank may have had a benef ic ia l  e f f e c t  on the  
f l u t t e r  speed f o r  the  small tank but may have had a s l i g h t l y  detrimental 
e f f e c t  f o r  the  la rger  tanks.  

The i n s t a l l a t i o n  of a horizontal  f i n  

k .  S p i s t r i c  flexure-torsion f l u t t e r  w a s  e f f ec t ive ly  a r res ted  when 
the t ip-tank center of gravi ty  w a s  quickly s h i f t e d  forward of the  elastic 
ax i s .  
far forward, the  effectiveness w a s  not as pos i t ive  and w a s  i n  some cases 
negative.  I n  applications t o  f l i g h t  f l u t t e r  use, t he  weight, s ize ,  and 
time fac tors  involved i n  the  effectiveness of t h i s  device must be 
considered. 

For cases where the  center of g rav i ty  could not be sh i f t ed  t h i s  

5 .  Calculated f l u t t e r  speeds based on assumptions involving s t ruc-  
tural damping, higher s t ruc tu ra l  modes, compressible aerodynamic coef f i -  
c ien ts ,  and sting-support f l e x i b i l i t y  (and not including aerodynamic 
forces  and moments on the t i p  tanks) were, i n  general, excessively con- 
servat ive f o r  t ip-tank centers of gravity near the  e l a s t i c  axis. 
ever,  t h e  introduction of s t ruc tu ra l  damping improved the  agreement 
uc bwccl l  LuILUIabIuLl m d  siiqxriiixnt &id resu l ted  i n  greater  increases i n  
calculated f l u t t e r  speeds, especially f o r  r a t i o s  of uncoupled w i n g  bending 
frequency t o  tors ion  frequency near unity.  
f l e x i b i l i t y  showed t h a t  t h i s  modification t o  the  calculat ion may be impor- 
tant where the  na tura l  frequency of the s t i ng  system w a s  near the  f l u t t e r  

How- 

L,.+.W.,.... ---I -..1-+-r-.. 

The e f f ec t s  of sting-support 
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frequency, and fu r the r  work on these e f f ec t s  i s  in order .  I n  addition, 
t h i s  s t ing f l e x i b i l i t y  should be kept i n  mind i n  in te rpre t ing  the  experi- 
mental f l u t t e r  r e s u l t s .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va., September 29, 1954. 
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C"K!TERISTICS OF MODELMOUNTING SYSTEM 

De sc r ip t  ion 

The model was mounted i n  the Langley 16-foot transonic tunnel i n  
the manner shown i n  f igure l ( a )  . 
s i s t ed  of two main par ts ,  the s t ing  and the sting-support s t ruc ture .  
The juncture between these two par t s  was 95 inches rearward of the e l a s t i c  
axis along the tunnel center l ine ,  and the ac tua l  connection w a s  made by 
means of bo l t s  approximately 1 inch i n  diameter located around the periph- 
e ry .  
ward of the e l a s t i c  axis along the tunnel center l i n e .  A t  the f r ee  or  
upstream end of the s t ing  a s t ing  extension w a s  mounted which w a s  par t  
of the main s t ruc tu ra l  member of the model fuselage.  

This mounting system es sen t i a l ly  con- 

The s t ing  had a jo in t  whose center l i ne  w a s  located 60 inches rear-  

The s t ing  support s t ructure  w a s  made up of a massive streamlined 
s t r u t  mounted t o  a circular-shaped track that was pa r t  of the mechanism 
used t o  provide a change i n  angle of attack on models i n  the tunnel.  The 
top of the s t r u t  t o  which the base of the s t i ng  w a s  connected was cylin- 
d r i c a l  i n  shape w i t h  the longitudinal axis of the cylinder lying along 
the tunnel center l i n e .  

S t i f fness  Distribution 

Figure 35 gives the s t i f fnes s  d is t r ibu t ion  along the length of the  
sting. 
the  experimental values being obtained from measurements of the bending 
slope w i t h  the  sting subjected t o  ver t ica l  loads applied t o  the main 
s t ruc tu ra l  member of  the fuselage a t  the e l a s t i c  ax is .  Along the so l id  
portion of the curve the calculated and experimental values vere i n  close 
agreement. The dotted portions of the curve apply t o  the various jo in ts  
and connections i n  the system and represent the  most reasonable s t i f fnes s  
values corresponding t o  the ac tua l  measured slopes over these discontinui- 
t i e s .  The experiments fur ther  revealed t h a t  the s t ing  support s t ructure  
was, f o r  a l l  p rac t i ca l  purposes, r ig id  i n  the v e r t i c a l  o r  p i tch  direct ion,  
but t h a t  there was a f i n i t e  s t i f fness  contribution from the s t r u t  mount 
on the  c i rcu lar  t rack .  An estimation of t h i s  s t i f fnes s  i n  terms of a 
spring constant for  the pitching degree of freedom i s  596 x lo6 in-lb/radian, 
based on the approximate location of the  ac tua l  axis of ro t a t ion  i n  the 
base of the s t ing  support s t ructure .  

The var ia t ion shown i s  based on both calculat ion and experiment, 
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* I  Weight Distribution 

Figure 36 shows the var ia t ion of weight per un i t  length with the I 

- 1  distance along the tunnel center l i n e .  
from the specifications of the s t i ng .  , 

This d is t r ibu t ion  was calculated 

Fuselage I n e r t i a l  Properties I 
The weight and pitching moment of i n e r t i a  of the fuselage, including 

the  main s t ruc tu ra l  center section, wing spar root  brackets (see f i g .  3 (a ) ) ,  
nose, center, and rearward fa i r ings  with control-surface assembly, are 
given as follows : 

Fuselage weight, l b  . . . . . . . . . . . . . . . . . . . . . . . .  157 

e l a s t i c  axis ,  in-lb-sec2 . . . . . . . . . . . . . . . . . . .  75.3 

axis, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.92 

Mass pitching moment of i n e r t i a  of fuselage about 

Fuselage center of gravity,  rearward of e l a s t i c  

Simplified Representation of S t i n g  F lex ib i l i t y  

A scheme i s  advanced herewith f o r  approximating the ac tua l  e l a s t i c  
behavior of the s t ing  mount by means of an equivalent one-degree-of- 
freedom system osc i l l a t ing  i n  p i tch  about a point 
i n  the following sketch: 

S i n  the mannei- shown 

Airstream 
/*- 

Airstream 
/*- 

Actual ro ta t ion  

I I 

rs ---I Distance along s t ing  
Elas t ic  

axis 

f 
rl 

;I 
? 



The equivalent e l a s t i c  properties consisted of a spring constant ks 
and an e f fec t ive  ro ta t ion  arm rs. These parameters were determined 
from s t a t i c  loadings a t  the e l a s t i c  axis together w i t h  deflection-curve 
measurements along the sting. 
slope of  the def lect ion curve at the  e l a s t i c  axis establ ished the  point 
as being the e f fec t ive  axis of rotation and as the  e f f ec t ive  ro t a -  
t i o n  arm. 
these two parameters: 

A s  indicated i n  the foregoing sketch, the  
S 

rs 
From these measurements the  following values were found f o r  

ks = 4015 lb/ in .  

and 

rs = 42 i n .  

I n  addition, 

= 26.4 ft-lb-sec2 If, 

which i s  based on the measured fuselage i n e r t i a l  propert ies  given pre- 
viously and includes the e f fec t ive  st ing mass corresponding t o  
rs = 42 inehes. 

On the basis of the foregoing s t ruc tura l  and i n e r t i a l  propert ies ,  
t h e  estimated frequency of the  fuselage-equivalent sting combination i s  
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Piston 
weight , 

lb 

0.40 

.78 

1.07 

TABLE I.- GEOMETRICAL AND INERTIAL PROPERTIES OF MODEL T I P  TANKS 

Without f i n  With f i n  

2 
W t J  e t ,  I%’ w t ,  e t ,  I%, 

l b  i n .  in-lb -sec2 l b  i n .  in-lb-sec 

2.70 1.46 0.2m 2.78 1.96 0 -332 

3.08 2.49 .378 3.16 2.92 . .430 

3.37 3 -22  .466 3.45 3 -59  .520 

( a )  Small t i p  tank: tank A (scaled 230-gallon t i p  t ank)  

W t ?  e t ,  
2 lb i n .  lb i n .  i n  -1b -s e c 

W t ?  et, 

I 

4.77 1.22 o .698 5.00 1.92 

5.15 1 - 7 3  .6W 5.38 2.48 

5.44 2.22 .769 5.67 2.92 

[Length, 30.3 in . ;  maximum diameter, 4.24 in. ;  
span of f i n  (from tank center l i n e )  , 4.38 in . ;  
exposed area of f i n ,  11.2 i n  .2] 

Iut > 

i n  -lb-sec2 

0.803 

-901 

-990 

I I I 

( b )  Large t i p  tank: tank B 

pength, 43.7 i n  .; maximum diameter, 6 .I2 i n .  ; 
span of f i n  (from tank center l i n e ) ,  6.31 i n . ;  
exposed area of f i n ,  23.9 i n . q  

Piston 
weight , 

_- 
0.40 

.78 

1.07 

~~ ~ 

With f i n  I Without f i n  
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IV Experimental - r e s u l t s  of model f l u t t e r  program 

Experimental - comparable na tura l  frequencies of model and a 
fu l l - sca l e  f igh te r  configuration 

V Analytical  - r e s u l t s  of f l u t t e r  calculat ions 
L 
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TABU3 11.- INDEX TO RESULTS 

I&le I Description i 

Wing-root 

condition 
ive e t ,  boundary Analysis s i ze  i n .  

Tank 

f 
rl co 
I 

4 

Ordinate, M; abscissa, et 

i a d  B 0.60 0.92 -4.9 t o  1.7 None 

13 -59 I -84, .93 I -4.9 t o  3.5 I A-1, A-2 

A clamped 
-2.4 t o  4.0 1.005 

I 1.04 I -2.4 t o  4.0 

1.02 I 3.36 I -2.6 t o  1.6 

I 3.36 I 0 t o  2.4 B 

-3.8 t o  4.0 

Ordinate, f ;  abscissa, e t  

.84 -1.0 t o  2.8 

.84 -2.0 t o  3 .3  

-93 -4.8 t o  1.7 

.595 

-59 
.93 -1.25 t o  1.6 Fuselage 

clamped 
.& 1.02 -.9 t o  2.5 

L .005 -2.3 t o  4.0 

A-2 

F i r s t  two coupled 
fi-e TGSZC ie 8 

A-2 

F i r s t  two coupled 
frequencies 

A-1  

A-1 

A - 1  I 1.04 I -2.4 t o  4.01 
L'02 I 1.04 1 0. t o  3.2 F i r s t  two coupled 

frequencies 
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1 3.925 699 20.8 13.09 

562.5 
523 
547 
583.5 

22.25 
22.2 
22.1 
21-95 

16.05 

12-31 774 
13-13 783 
14.04 831 
14.84 8% 

12.74 849 23.2 14.28 
23 .o 13.1 
22.7 13 -43 
22.3 14.54 
21.9 15 -75 

8 
9 

10 
11 
I 2  
13 

0 993 
*w 774 

1 .oo 748 
1-75 761 
2.64 785 
3 -50 803 -5 

14 
15 
16 
17 
18 
19 

0 655 19 -9 12.82 

18.6 12.9 658.5 19.0 
1 .oo 561 
2 .oo 615 
3 .oo 652 17.9 14.2 729 18.5 
3.695 667 17.4 14.95 777 18.3 
4 .oo 672 17.2 15.23 781 18.0 

19.4 11.26 582 19 -3 

TABU V.- RFSULTS OF FLUITER CALCULATIONS 

(a) Cantilever-wing boundary condition, graded coeff ic ients ,  
f i r s t  bending and f i r s t  tors ion (analysis A-1)  

1 1 -1 10.35 

-1.16 

.24 
* 50 

1 .oo 
1-59 

0 501 
443 
461 
519 
558 

22.7 
22 -6 
22.5 
22.2 
21.8 

J I I I 1 

A- .59- .84 configuration 1 
24.1 
23 -7 
23 -3 
22.6 
21.8 
21.1 

11.74 
13.51 
15.31 
16.56 

A- .825-. 96 configuration 

0 
-50 

1.02 
1.97 
3 -00 
4 .oo 

329 
367 
442 
516 
563 
592 

18.9 
18.8 
18.5 
17 -9 
17.2 
16.6 

~ 

6.78 
7.60 
9 -32 
u. .23 
12 -75 
13.9 

20 
21  
22 
23 
24 
25 

422 
475 -5 
574 
656 

18.65 
18.6 
18.3 
17 -9 

8.80 

12.23 
14.27 

9 -98 

I I I 
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I B- -895- .98 configuration 

TABLE V.- RESULTS OF FLU"TER CALCULATIONS - Continued 

33 
34 
35 
36 
37 
38 

(a )  Cantilever-wing boundary condition, graded coef f ic ien ts ,  f i rs t  bending 
and f i r s t  torsion (analysis A-1) - Concluded 

-25 477 17 -5 10.6 
71 465 17 -3 10.48 498 17-3 Y .21 

1 a95 538 16.6 12.62 586 17 .o 13 -45 

4 .OO 620 15.4 15 -68 

16.75 i4.8 
16.6 15 * 83 

2.47 570 16.3 13.63 6% 
3 .m 595 16 .o 14.43 674 

I A-.82-1.02 confimration 

39 

42 

40 
41  

43 
44 

-1.015 
0 217.5 18.0 4.705 655 17-9 14.29 

.69 376 17.8 8.22 425 17.8 9-29 
1-50 472 17 -3 u) .64 531 17-7 11.7 
2 -50 5% 16.7 12.5 636 17.2 14.4 
4 .oo 585 15.8 i4.43 

8.72 
9.80 

52 
53 
54 
55 
56 

- .35 

1 e 5 0  407 
2 -50 465 
4 .oo 508 

-50 288 14.75 7.62 376 14 .6  9.86 
14.3 ll.l 
13.8 13.14 592 14.3 16.14 
13.1 15 J5 

57 
58 
59 sc 

B-1.02-1.04 configuration 
1 

.99 338 13.8 9-54 501 14.15 13.8 
13.6 10 a33 
13.2 11.92 

.oo 446 12.6 13 -77 

1.50 m 
2 -50 404 

1 
- .27 

-0135 
.65 
.94 

1.96 
3.58 
3.99 

537 
328 
362 
426 

497 
483.5 I 

16.3 

16 .o 
15 -9 

15.6 
14.5 
14.6 1 

12-85 
8.03 
8.81 

IC! .65 
12.96 
13.28 

435 

525 
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vfJ  
i n .  fPS Case 

TABLE V.- RESULTS OF FLUITER CE;LCULATIONS - Continued 

(b) Cantilever-wing boundary condition, c o n s t a t  coefficients,  
first bending and f irst  torsion (analysis A-2) 

l/kr 
f f J  
CPS 

61 3 -925 762 20.9 14.25 

62 
63 
64 
65a 
66 
67 
68 

69 
70 
71 
72 
73 
74 
75 

-1.16 
0 664 22 -7 11 -39 

.24 486 22.6 8.39 

.24 488 22.2 8.67 
-50 491 22.6 8 .?o 

1 .oo 524 22.8 8.97 
1.59 604 21.9 10.8 

-2 .oo 
0 

-50 
1 .oo 
1 *75 
2.64 
3 *Y 

24.1 
23 -7 
23 -3  
22.6 
21.8 
21.1 

El .02-1.04 configuration 

16.16 
13.66 
13.61 
14.14 
15 -3 
16.45 

76 
77 
78 
79 
80 
81 
82 
83 
84 

- .27 
-0135 
-50 
94 

1.50 
1.96 
2 -75 
3 -22 
3 099 

720 
374 
407 
442 
475 
511 
532 
556 

16.2 
16.1 
15 -9 
15 -9 
15.6 
15.2 
15 .o 
14.7 

17 -35 
9 e05 
9 -95 

10.86 
11.86 
13.08 
13.82 
14.71 

&Computed using Mach number 0.7 coefficients 
(analysis A-4) 
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F i r s t  bending, f i r s t  torsion, 
second bending, second torsion 

F i r s t  bending, f i r s t  torsion, 
second bending 

F i r s t  bending, f i r s t  torsion, 
second tors ion 

F i r s t  bending, f i r s t  tors ion 

TAE%E V.- R E S W  OF F%vrpER C!&CULATIONS - Continued 

479 22.7 8.23 

476 22.6 8.20 

476 22.6 8.20 

4% 22.6 8.39 

(c )  Cantilever wing boundary condition, constant coeff ic ients ,  f irst  bending, 
f i r s t  torsion, second bending, and second to r s ion  

[Analysis A-3; configuration A-.59-.93; et = 0.24 in.] 

Case 

86 

87 

64 

f f  J 

Iden t i f i ca t ion  of mdes used 

(d) Symmetric (sting-fuselage pitching) boundary condition, constant 
coefficients,  f l ex ib l e  s t i ng  pitching, f i r s t  cant i lever  wing 

bending, and f i r s t  cantilever wing tors ion 

[Analysis B-1; configuration A-.53-.33; e t  = 0.24 in . ]  

88 
89 
90 
91 
92 i 25 

39.8 
50 
70 

100 

fs = 14.5 cps 

7 J3 
22.75 7.45 
22.8 7.63 

f, = 16.7 CPS 

93 
94 
95 
96 
97 
98 

10 
25 
40 
50 
70 
100 

518 
509 
463 
428 
447 
426 

22.7 
23.05 
23 .O 
22.9 
22.8 
22.9 

8-93 
8.61 
7 .a2 
7.28 
7.64 
7.26 

f, = 20 cps 

22.9 
23.1 
23.1 
23.1 
22.9 

7.84 
11.075 
9 -05 
8.91 
7.97 

104 
105 
106 
107 
10 8 

f, = 23 cps 

24.35 
50 990 23.1 
70 999 23 .O 

16.85 
18.58 

16.72 
16 .% 

15 -52 
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31.6 
31 -9 
31.3 
31 .o 
15.4 

~ 15.1 
1 14.6 
~ 14.0 

TABLE V.-  RESULTS OF FLVllTER CALCULATIONS - Continued 

, 

(e )  Antisymmetric (fuselage free t o  roll) boundary condition, 
constant coeff ic ients ,  first asymmetric bending, and first 

cant i lever  wing tors ion  

e 

e t ,  vf, f f ,  
CPS l / k r  

118 1.19 1,131 14.4 30 -6 

i n .  fPS Case 

117 0 1,489 15 -05 38.6 

119 2 -375 1,059 13.8 29 -9 

[Analysis C-1; configuration B-1.02-1.04; 
Ifr = 0.0605 ft-lb-sec2; It- = 4 

Case 

109 
110 
111 
112 
113 
114 
115 
116 

e t ,  
i n .  

-2 .y 
-2 .oo 
-1 .oo 
- -75 - .50 
0 
1.19 
2 -375 

3,441 
4,213 
7,125 
9,995 
2,829 
L k 7  
1,088 
1,027 

l /k r  

42.5 
51 *55 
88.8 

125 -7 
71 -7 
36 -7 
29.2 
28.6 

TABLE V.-  RESULTS OF FLUITEB CALCULATIONS - Concluded 

( f )  Antisymmetric (fuselage f r e e  t o  r o l l )  boundary condition, 
constant coeff ic ients ,  first asymmetric bending, and first 

cant i lever  wing tors ion  

b a l y s i s  C-2; configuration E%-1.02-1.04; Ifr = 0.0984 ft-lb-sec2; 

Itr = 0.0192 ft-lb-sec2] 
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(b) Model mounted on d q  sting for vibration survey. L-77439 . 
Figure 1.- Concluded. 
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Station- 0.00 A\ 

Station-30.68 ~ I 
I 

I 

~ ~ 4 8 . 3 3 "  

Statim- 51.37 --- 

Wing spar 
root bracket 

Tank A - 

'16" balsa covered 
with fiber glass and 

Section A-A I 1  

(a) Plan view of model. 

Figure 3.- Sketches of dynamic model. 
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Wing semispan, in. 

Figure 4.- Spanwise weight distribution. 
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Figure 6.- Variation of moment of inertia with span. 
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Wing semispan, in. 

Figure 8.- Variation of torsional stiffness with span. 
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f 

Wing semispan, in. 

Figure 9.- Design specifications f o r  wing spar.  



'd 
P 

a 
.d 
c, 
k 
0 

. 



. 

Fuel load, percent full 

Figure 11.- Correlation of model tip-tank weight r a t i o  with prototype 
fue l  load. 
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e + ,  in 

Figure 16.- Variation of experimental and theoretical flutter Mach numbers 
with tip-tank center of gravity with fuselage clamped and fuselage free 
to roll. ~ a n k  B; p = 1.02; fhl/fal = 1.04. 
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Figure 22.- Comparison of ana ly t ica l  and measured frequencies as a function 
of t ip-tank center of gravity.  Tank A; p = 1.005; -fh l/fal = 0.92; 

fuselage clamped. 
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et, in. 

Figure 23.- Comparison of ana ly t ica l  and measured frequencies as a function 
of t ip-tank center of gravity.  

fuselage clamped . 
Tank B; p = 1.02; fhl/fal = 1.04; 

c 
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Figure 24.- Variation of first uncoupled bending frequency with t ip-tank 
weight r a t i o .  
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I,, , in-lb-sec 2 

Figure 23.- Variation of first uncoupled torsional frequency with t i p -  
tank  moment of inertia. 
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Frame 
I 

2 

3 

4 
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IO 

L-86439 Figure 26.- High-speed motion pictures  showing a typica l  cycle of symmetric 
f l u t t e r .  
ning with frame 1. 

The direct ion of increasing t i m e  i s  from top t o  bottom begin- b 
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Figure 28.- Mach number aga ins t  frequency r a t i o  f o r  model f l u t t e r  region 
and f l i g h t  f l u t t e r  experience. 
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Figure 29.- Cross plot of uncoupled cantilever bending-mode shape as a 
function of tip-tank weight ratio. 
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Figure 30.- Cross p l o t  of uncoupled c a n t i l e v e r  torsion-mode shape as a 
func t ion  of t i p - t ank  moment of i n e r t i a .  
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Figure 31.- Second uncoupled bending and torsion-mode shapes. Tank A; 
CL = 0.59; fhI/fal = 0.93. 
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Ifs ,  ft-lb-secL 

( a )  Effect of sting-fuselage pitching moment of i n e r t i a  Ifs on f l u t t e r  

speed f o r  four values of sting-fuselage frequency f s .  

f,, CPS 

. ( b )  Effect  of sting-fuselage froqiency SI? f l u t t e r  speed 
f o r  If, = 26.4. 

including e f f ec t s  of s t ing  f l e x i b i l i t y  (analysis B-1)  . Figure 33.- Correlation of experimental with theore t ica l  f l u t t e r  speeds 
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Distance from wing elastic axis, in. 

Figure 35.- Sting stiffness distribution. 
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Figure 36. - Calculated sting weight distribution. 
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